The genome of the nucleorhabdovirus maize fine streak virus (MFSV) consists of 13,782 nucleotides of nonsegmented, negative-sense, single-stranded RNA. The antigenomic strand consisted of seven open reading frames (ORFs), and transcripts of all ORFs were detected in infected plants. ORF1, ORF6, and ORF7 had significant similarities to the nucleocapsid protein (N), glycoprotein (G), and polymerase (L) genes of other rhabdoviruses, respectively, whereas the ORF2, ORF3, ORF4, and ORF5 proteins had no significant similarities. The N (ORF1), ORF4, and ORF5 proteins localized to nuclei, consistent with the presence of nuclear localization signals (NLSs) in these proteins. ORF5 likely encodes the matrix protein (M), based on its size, the position of its NLS, and the localization of fluorescent protein fusions to the nucleus. ORF2 probably encodes the phosphoprotein (P) because, like the P protein of Sonchus yellow net virus (SYNV), it was spread throughout the cell when expressed alone but was relocalized to a subnuclear locus when coexpressed with the MFSV N protein. Unexpectedly, coexpression of the MFSV N and P proteins, but not the orthologous proteins of SYNV, resulted in accumulations of both proteins in the nucleolus. The N and P protein relocalization was specific to cognate proteins of each virus. The subcellular localizations of the MFSV ORF3 and ORF4 proteins were distinct from that of the SYNV sc4 protein, suggesting different functions. To our knowledge, this is the first comparative study of the cellular localizations of plant rhabdoviral proteins. This study indicated that plant rhabdoviruses are diverse in genome sequence and viral protein interactions.
Members of the family Rhabdoviridae have a broad host range, including humans, livestock, plants, and insects. Six genera of rhabdoviruses have been described (40) . The four genera of animal-infecting rhabdoviruses (Vesiculovirus, Ephemerovirus, Lyssavirus, and Novirhabdovirus) include the livestock pathogens Vesicular stomatitis Indiana virus (VSIV), Vesicular stomatitis New Jersey virus (VSNJV), and Bovine ephemeral fever virus; the human pathogen Rabies virus (RABV); and the fish pathogen Infectious hematopoietic necrosis virus. The two genera of plant rhabdoviruses are Cytorhabdovirus (type species, Lettuce necrotic yellows virus [LNYV] ) and Nucleorhabdovirus (type species, Potato yellow dwarf virus). The viruses that cause rabies and fish diseases appear to be confined to vertebrate hosts, whereas vesiculo-, ephemero-, cyto-, and nucleorhabdoviruses are transmitted to their vertebrate or plant hosts by insects (20, 35) . Plant rhabdoviruses are particularly interesting because they are able to replicate and systemically spread in very divergent hosts: plants and insects.
Generally, a rhabdovirus virion is composed of a lipid envelope derived from host membranes and a ribonucleocapsid core consisting of a nonsegmented, negative-sense, singlestranded RNA bound to complexes of nucleocapsid protein (N), phosphoprotein (P), and polymerase (L) (35) . The glycoprotein (G) protrudes from the exterior of the lipid envelope, and the matrix protein (M) connects the envelope to the ribonucleocapsid core (35) . VSIV and VSNJV have the simplest genomes, encoding just the five structural proteins of the virion in the gene order 3Ј-N-P-M-G-L-5Ј, whereas the genomes of other rhabdoviruses harbor additional genes (18, 26, 30, 39, 42) .
Although Ͼ70 plant rhabdoviruses have been described, the genomes of only a few plant rhabdoviruses have been sequenced to completion, including Northern cereal mosaic virus (NCMV), Rice yellow stunt virus (RYSV), and Sonchus yellow net virus (SYNV) (4, 5, 6, 9, 11, 17, 19, 21, 28, 29, 36, 39, 41, 43, 44, 45) . The nucleorhabdovirus SYNV is presently the most extensively characterized plant-infecting rhabdovirus (22) . In planta subcellular localization studies of fluorescent-protein fusions provided an indication of the function and proteinprotein interactions of viral proteins of SYNV (13) . The SYNV N and M proteins both target the plant cell nucleus when expressed individually, whereas the SYNV P and sc4 proteins do not (13) . However, the SYNV P protein targets subnuclear locales when coexpressed with the SYNV N protein, suggesting that the N and P proteins interact with each other in SYNVinfected plants (12, 13) . The SYNV sc4 gene, located between the P and M genes, encodes a membrane-associated protein that may be involved in viral cell-to-cell movement in plants (31, 36) .
Maize fine streak virus (MFSV) was first reported in maize fields in southwestern Georgia in 1999 and was described as a new plant nucleorhabdovirus (34) . The symptoms caused by MFSV include dwarfing and fine chlorotic streaks along intermediate and small veins (34) . MFSV is transmitted by the leafhopper Graminella nigrifrons and is not transmissible by rub inoculation of maize leaves but can be mechanically transmitted by vascular puncture inoculation (VPI) (20, 34) . Like those of other rhabdoviruses, the MFSV virion is a bacilliform particle measuring 231 by 71 nm with a lipid envelope, and its genome consists of a nonsegmented, negative-sense, singlestranded RNA (34, 40) . Purified preparations of MFSV contain three abundant proteins corresponding to the major rhabdovirus structural proteins: the G protein (82 kDa), N protein (50 kDa), and M protein (32 kDa) (34) .
To define MFSV genes and to begin to characterize their functions, we determined the complete genomic sequence of the virus and investigated virus gene expression in infected maize. We showed for the first time the localization of coexpressed rhabdoviral N and P proteins in the nucleolus of plant cells and that the N and P proteins of MFSV and SYNV specifically interact with each other and not with the orthologous proteins of another rhabdovirus. Further, we demonstrated that the MFSV ORF3 and ORF4 proteins had different subcellular localizations than the SYNV sc4 protein.
MATERIALS AND METHODS
Virus maintenance and purification. MFSV from Georgia was maintained in maize seedlings by serial inoculations with viruliferous insect vectors (G. nigrifrons) or by VPI (27, 34) . The virus was purified from maize leaf laminar tissue collected 26 to 40 days after VPI or vector inoculation, as previously described (34) .
MFSV genomic RNA extraction and library construction. For initial cDNA library construction, virus genomic RNA was extracted using a previously described protocol (34) . For all other applications (reverse transcription [RT]-PCR, 3Ј rapid amplification of cDNA ends (RACE), 5Ј RACE, and RNA ligase-mediated (RLM) RACE), genomic RNA was extracted from virus pellet suspensions using a ToTALLY RNA isolation kit (Ambion, Austin, Tex.) following the manufacturer's instructions.
The cDNA synthesis of the MFSV genomic RNA using random hexamers was carried out with the Superscript Choice system (Invitrogen Corp., Carlsbad, Calif.) according to the manufacturer's instructions. The cDNAs were ligated into the EcoRI-digested, phosphatase-treated pGEM4Z vector (Promega Corp., Madison, Wis.) or the pZeroAmp vector (T. Meulia, unpublished results) and transformed into Escherichia coli TOP10 cells (Invitrogen Corp.). Twelve clones (G2A, G2C, G3A, G3B, G4C, G5C, G6A, G9B, Z6B, Z11B, Z12B, and Z15B) carrying inserts larger than 1 kb that hybridized with viral RNA were selected for sequence analysis.
Regions of the MFSV genomic RNA not represented by clones were amplified using RT-PCR with primers flanking the missing sequence. RT-PCR was carried out using a Platinum RT-PCR kit (Invitrogen Corp.). RT-PCR products for the 3Ј end of the MFSV genome (GAU3Ј) and MFSV4 ( Fig. 1) were ligated into the pCR-Blunt II-TOPO vector (Invitrogen Corp.) for sequencing. Three other RT-PCR products, MFSV5, MFSV6, and MFSV7 ( Fig. 1) were sequenced directly, without prior cloning.
MFSV genome sequencing and sequence analysis. Sequencing was carried out in 550-to 700-bp segments by primer walking using a 3700 DNA Sequence Analyzer and BigDye Terminator Cycle Sequencing chemistry (Applied Biosystems, Inc., Foster City, Calif.) according to the supplier's instructions. Base calling was done with MacPHRED-MacPHRAP (CodonCode Corp., Dedham, Mass.), and sequences were assembled by Sequencher (Gene Codes Corp., Ann Arbor, Mich.).
ORFs were identified with MacVector version 6.5 (Accelrys, San Diego, Calif. Sequencing of the 3 and 5 ends of the MFSV genome. The terminal sequences of MFSV were identified by RACE. The viral 5Ј trailer region was determined by both 5Ј RACE (Invitrogen Corp.) and RLM-RACE (Ambion) following the manufacturers' instructions. For 5Ј RACE, the cDNA of the MFSV genomic RNA was synthesized using a gene-specific primer, 5Ј RACE GSP1 (5Ј-AAATCTCTGTTGAGCC-3Ј), and tailed with dCTP using terminal deoxynucleotidyl transferase. The first amplification was carried out with the abridged anchor primer and a 5Ј RACE GSP2 primer (5Ј-GGTCCATTGCAGAGAGA TCAAC-3Ј). Nested amplification used the abridged universal amplification primer (AUAP) and a 5Ј RACE GSP3 primer (5Ј-CTATCCTATCAGATCCC ATAATGC-3Ј). For RLM-RACE, a 45-bp 5Ј RACE adapter was added to the MFSV genomic RNA, and then the cDNA was synthesized using random decamers. The first amplification was carried out with the 5Ј RACE outer primer and the 5Ј RACE GSP2 primer. Nested amplification used the 5Ј RACE inner primer and the 5Ј RACE GSP3 primer.
The viral 3Ј leader region was determined by 3Ј RACE (Invitrogen Corp.). The MFSV genomic RNA was tailed with ATP using the Poly(A) Tailing kit (Ambion), and cDNA was synthesized using the oligo(dT)-containing adapter primer. The first amplification was carried out with the AUAP and a 3Ј RACE GSP1 primer (5Ј-CTAAGAATGTCAGGAATAGGTCCTG-3Ј), and nested amplification was done with the AUAP and a 3Ј RACE GSP2 primer (5Ј-CACCATA GGATAGACATGCATTCC-3Ј). The 5Ј RACE and 3Ј RACE products were ligated into the pGEM-T Easy vector (Promega Corp.) for sequencing.
Rhabdovirus nucleotide sequences used for interspecies comparison were obtained from the genome sequences in the NCBI GenBank database for the following viruses: SYNV (NC 001615), RYSV (NC 003746), NCMV (NC 002251), LNYV (L24365 and L24364) (42) , VSIV (NC 001560), and RABV (NC 001542).
Characterization of transcription start sites of the MFSV G and L genes. The transcription start sites of the MFSV G and L genes were identified by RLM-RACE. Total RNA from infected maize leaves was extracted with a ToTALLY RNA isolation kit. Subsequently, mRNA was isolated from the total RNA preparation using a Dynabead mRNA DIRECT kit (Dynal ASA, Oslo, Norway) following the manufacturer's instructions. The cDNA was synthesized from the adapter-ligated mRNA with random decamers. The first amplification was carried out with either the 5Ј RACE outer primer and a G outer primer (5Ј-GTA CTTAGTGGCAATGATGGTGTC-3Ј) or the 5Ј RACE outer primer and an L outer primer (5Ј-GCTTGTAACAGTGCCCACATATC-3Ј). Nested amplification was carried out with either the 5Ј RACE inner primer and a G inner primer (5Ј-CGATTATCAGTGTCGAGTTGTTC-3Ј) or the 5Ј RACE inner primer and an L inner primer (5Ј-GTATGTCCCCCATGAGATAGTC-3Ј). The RLM-RACE products were ligated into the pGEM-T Easy vector for sequencing.
Northern blot hybridization analysis. Total RNA (10 g) from infected and healthy maize was denatured using glyoxal sample loading dye (Ambion) and separated on a 1.2% BPTE {100 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)], 300 mM bis-Tris, 10 mM EDTA, pH 6.5} agarose gel, transferred to a positively charged BrightStar-Plus nylon membrane (Ambion) with 20ϫ SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0), and cross-linked to the membrane by exposure to UV light (UV Transilluminator; Fisher Scientific, Pittsburgh, Pa.) for 2 min. Probes were prepared by PCR amplification of DNA fragments corresponding to each gene from the cDNA clones and subsequent incorporation of [ 32 P]dCTP (Amersham Biosciences Corp., Piscataway, N.J.) (10) . Hybridization of probes to Northern blots was carried out as previously described (32) . Northern blots were washed three times for 10 min each in 2ϫ SSC and 0.1% sodium dodecyl sulfate and four times for 10 min each in 0.1ϫ SSC and 0.1% sodium dodecyl sulfate at 65°C and then exposed to Storage Phosphor Screen (Molecular Dynamics, Sunnyvale, Calif.) for 24 h. Images were captured using ImageQuant software (Molecular Dynamics), converted to TIFF for export, and processed in Photoshop version 7.0 (Adobe, San Jose, Calif.).
Construction of pGD derivatives for in planta subcellular localization. Construction of the binary pGDG and pGDR vectors, the pGDG construct for in planta synthesis of the Arabidopsis thaliana Fib1 (AtFib1)-green fluorescent protein (GFP), GFP-SYNV N, and the pGDR construct for in planta synthesis of DsRed-SYNV P were described previously (13) . The pGDB and pGDY vectors were constructed by modification of pGD (13) . The cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) genes were amplified from pECFP-C1 and pEYFP-C1 (BD Biosciences, Palo Alto, Calif.), respectively. The PCR products were subcloned into the pGD vectors in a manner that reconstituted the multiple cloning site of pGD, since BglII, HindIII, and XhoI restriction sites were incorporated into the 3Ј ends of the PCR products. The CFP and YFP genes in the new vectors were verified by DNA sequencing and expression in plant cells. The complete predicted MFSV ORFs (i.e., from the putative start codon to the first stop codon) were expressed as fusions to the C termini of autofluorescent proteins. The MFSV ORFs were amplified from corresponding cDNA clones by PCR, and primers with overhanging restriction sites were
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at DigiTop --Digital Desktop Library for USDA on June 3, 2009 jvi.asm.org introduced to facilitate directional cloning into the binary vector pGDB, pGDG, pGDR, or pGDY as previously described (13) . PCR was performed using the high-fidelity DynazymeEXT polymerase (Finnzymes, Espoo, Finland). PCR products were cloned directly into the pCRII vector (Invitrogen Corp.) using topoisomerase-mediated cloning. The DNA sequences of the full-length clones for the MFSV N, P, 3, 4, and M genes in pGD derivatives were verified prior to transformation into Agrobacterium tumefaciens strain C58C1. Agroinfiltration procedures. A. tumefaciens was infiltrated into leaves of Nicotiana benthamiana as previously described (13) . Briefly, suspensions of transformed C58C1 agrobacteria were adjusted to an optical density at 600 nm of 0.6 in agroinfiltration buffer (10 mM MgCl 2 , 10 mM MES [morpholineethanesulfonic acid], pH 5.6), and acetosyringone was added to a final concentration of 150 M (13). An agrobacterial suspension was infiltrated into the mesophyll of leaves using a 1-ml disposable syringe. Following infiltration, the leaves were examined by epifluorescence microscopy between 40 and 90 h postinfiltration.
DAPI staining of plant nuclei. DAPI (4Ј-6-diamidino-2-phenylindole dihydrochloride; 15 g/ml) in agroinfiltration buffer was infiltrated into leaves as described by Goodin et al. (13) . Following infiltration, the plants were incubated in the dark for 1 to 2 h before examination of leaf sections by epifluorescence microscopy.
Epifluorescence microscopy. Epifluorescence micrographs were acquired using an Axiocam MR monochromatic digital camera mounted on a motorized Axioplan2 microscope (Carl Zeiss Microimaging Inc., Thornwood, N.Y.). Camera and microscope settings were controlled by Axiovision software version 4.1. False colors for differentiating DAPI, CFP, GFP, and DsRed2 fluorescences were assigned using color settings in the Axiovision software. Confocal laser scanning microscopy. Confocal laser scanning micrographs were acquired on a TCS SP2-AOBS microscope (Leica Microsystems, Bannockburn, Ill.). GFP variants were excited simultaneously using the 488-nm laser line. Fluorescence emissions from CFP, GFP, and YFP could be distinguished using the spectral imaging capability provided by the prism spectrophotometer of the microscope. The ability to unambiguously differentiate these three fluors when coexpressed in leaf epidermal cells allowed assignment of the subnuclear locales in which the N and P proteins accumulate.
Nucleotide sequence accession number. The sequence of the MFSV genome was deposited in GenBank under accession number NC 005974.
RESULTS
Nucleotide sequence of MFSV. The MFSV genome sequence was obtained by assembling sequences derived from the overlapping sequences of 12 randomly primed cDNA clones, five RT-PCR products, and two RACE products (Fig.  1) . The MFSV genome consisted of 13,782 nucleotides (nt) and seven ORFs on the antigenomic strand.
The sequence of the 3Ј end of the MFSV genome was determined by 3Ј RACE, and that of the 5Ј end was deter- mined by 5Ј RACE and RLM-RACE. The 3Ј RACE PCR products were cloned, and inserts of all six clones were identical, indicating that the 3Ј end of the MFSV genome was 3Ј-UGUGUGGUUUUUCCCACUGC · · · -5Ј. The sequences of inserts of four 5Ј RACE and RLM-RACE clones were identical, indicating that the 5Ј end of the MFSV genome was 3Ј-· · · GCAGUAAAAAAACGGACACA-5Ј. Identical 5Ј-and 3Ј-end sequences using either poly(A) or poly(C) adapters were obtained at the University of Wisconsin (P. Flanary and T. L. German, personal communication). These results led to the conclusion that the MFSV genomic RNA had a 184-nt 3Ј leader region preceding the leader-N intergenic sequence and a 145-nt 5Ј trailer region following the L-trailer intergenic sequence.
Comparison of the 3Ј and 5Ј ends of the MFSV genomic RNA revealed that 19 of 30 nucleotides were complementary and might give rise to a putative panhandle structure (Fig. 2) . Similar structures were reported for SYNV, LNYV, and NCMV (6, 39, 42 ). In addition, the first 30 nt of the 3Ј leader sequence had a high U residue content (47%), similar to those described for SYNV (53%), RYSV (37%), NCMV (37%), and LNYV (60%). Although the plant rhabdoviruses share complementarity of their 3Ј and 5Ј ends and have similar nucleotide biases, these sequences did not have significant sequence identity among rhabdoviruses (Fig. 2) .
Gene junctions of the MFSV genome. The MFSV ORFs were separated by gene junctions with the consensus sequence 3Ј-UUUAUUUUGUAGUUG-5Ј (Fig. 3A) . This sequence was broadly conserved among plant and animal rhabdoviruses (Fig.  3B ) and was divided into three distinct motifs: the sequences corresponding to the 3Ј ends of mRNAs, the intergenic sequences, and the sequences corresponding to the 5Ј ends of mRNAs (35) (Fig. 3) . The corresponding sequences of MFSV mRNA 3Ј ends were A/U rich and 8 nucleotides in length, and only the ORF7-5Ј trailer junction had 2 nucleotide differences from the consensus sequence. The intergenic sequence GAUG was conserved in all gene junctions of MFSV; however, this sequence was not conserved among rhabdoviruses (Fig. 3B) . The transcription start site consisted of 3 nucleotides, and only the ORF4 mRNA start site had a single-nucleotide change relative to the consensus sequence, UUG. The MFSV transcription start site was identical to those of other rhabdoviruses (SYNV, RYSV, VSIV, and RABV), except for the two cytorhabdoviruses NCMV and LNYV (Fig. 3B) .
Transcription start sites of the MFSV G and L genes. RLM-RACE was used to confirm the sequences of the putative transcription start sites for the MFSV G and L genes (Fig. 4) . The sequences of six RLM-RACE products for the G gene were identical (Fig. 4A) . The sequences of four RLM-RACE products for the L gene were identical, while the sequences of two others differed from these at position 3 (Fig. 4B) . These data are consistent with the putative UUG transcription start sites identified in Fig. 3A . However, the 5Ј ends of transcripts contained a nucleotide A that does not correspond to the viral genomic sequence (Fig. 4) . Whether the single-nucleotide change at the third nucleotide found in two L gene RLM-RACE clones was due to true variability in the L gene mRNAs is not known.
Analysis of the MFSV ORF sequences. The predicted proteins encoded by the seven MFSV ORFs were examined for sequence similarity to other proteins in the NCBI GenBank nonredundant database using BLASTP. The deduced protein sequence of ORF1 had significant similarity to the N proteins of RYSV (expected [E] value ϭ 8e Ϫ21 ), SYNV (E value ϭ 1e Ϫ19 ), and NCMV (E value ϭ 5e Ϫ6 ). The ORF6 protein sequence had significant similarity to those of the G proteins of RYSV (E value ϭ 5e Ϫ22 ) and SYNV (E value ϭ 1e Ϫ16 ), and the ORF7 protein sequence had significant similarity to those of the L proteins of SYNV (E value ϭ 0.0), RYSV (E value ϭ 0.0), and other nonsegmented, negative-sense RNA viruses. Thus, based on sequence similarity, MFSV ORF1, ORF6, and ORF7 likely encode the N, G, and L proteins, respectively. The ORF2, ORF3, ORF4, and ORF5 protein sequences did not show any significant similarities to other rhabdovirus proteins or other sequences in GenBank.
The protein sequences of MFSV and other nucleorhabdoviruses were searched for domains and motifs, including NLSs, glycosylation sites, N-terminal signal peptides, and transmembrane domains. Putative NLSs were found at amino acid positions 436 to 452 (KRSSDGTGNVSKKKSRK) of the N protein, at positions 17 to 33 (RKALTKASKALFKGKIK) of the ORF4 protein, and at positions 195 to 211 (KKEDKAEKAT TEKRKRQ) of the ORF5 protein, whereas no NLSs were identified in the MFSV ORF2, ORF3, G, and L proteins (Table 1). The SYNV N and M and RYSV N proteins also had putative NLSs in the carboxyl regions, but no putative NLS was identified in the RYSV M protein (33) .
Similar to other rhabdovirus G proteins, the putative MFSV G protein apparently has abundant glycosylation signals. 
Detection of MFSV ORF transcripts in plants.
To test whether all the identified ORFs in the MFSV genome are transcribed, Northern blots of total RNAs from healthy and MFSV-infected maize were hybridized with probes corresponding to each ORF (Fig. 1) . Transcripts of expected sizes that corresponded to each of the seven ORFs were detected in MFSV-infected maize (Fig. 5) , whereas no hybridization occurred with RNA from healthy maize (data not shown). Several RNAs hybridized to the ORF7 probe, with the size of the largest matching the expected size of the ORF7 transcript (Fig.  5A, lane L) . The predicted length of gene 3 is 357 nt, and a transcript of ϳ400 bp hybridized to the ORF3 probe (Fig. 5A,  lane 3) . The predicted length of gene 4 is 1,185 nt, and a transcript of ϳ1,200 bp hybridized to the ORF4 probe (Fig.  5A, lane 4) . To exclude the possibility of RNA degradation, a blot that was hybridized with the ORF4 probe was subsequently probed with the ORF3 probe. As expected, the resulting blot showed two distinct hybridized bands (Fig. 5B) . These results demonstrated that seven distinct transcripts were present in MFSV-infected maize and that these transcripts corresponded to the seven putative genes identified in the MFSV genome.
Subcellular localization of the MFSV proteins. NLSs were identified in three of the seven MFSV ORFs, and nuclear localization was demonstrated for the SYNV N and M proteins (13) . To determine the subcellular localization of the MFSV proteins, we used in planta localization and colocalization of fluorescent-protein fusions. Full-length ORF sequences were introduced into binary pGD derivatives for A. tumefaciensmediated agroinfiltration of N. benthamiana leaves (13) and subsequent in planta production of MFSV proteins fused at the N terminus to CFP, YFP, and GFP.
Agroinfiltration of fluorescent-protein fusions of MFSV N, ORF2, ORF3, ORF4, and ORF5 proteins showed that CFP-MFSV N, GFP-MFSV 4, and GFP-MFSV 5 accumulated in the nucleus (Fig. 6 and 7B and C) , whereas YFP-MFSV 2 spread throughout the cell (Fig. 6 ) and YFP-MFSV 3 accumulated in punctate loci in the cytoplasm (Fig. 7A) . These results were consistent with the prediction of NLSs in the MFSV N, ORF4, and ORF5 proteins. When leaves were coinfiltrated with mixtures of C58C1 agrobacteria harboring CFP-MFSV N and YFP-MFSV 2 fusions, both fusions colocalized to the subnucleus (Fig. 8A) . However, unlike the SYNV N and P proteins, the MFSV N and ORF2 proteins localized to the nucleolus (Fig. 8A) . To confirm the nucleolar localization, we coexpressed CFP-MFSV N and YFP-MFSV 2 with the AtFib1-GFP that localizes to the nucleolus in A. thaliana and N. benthamiana epidermal cells (2, 13) . This result confirmed that CFP-MFSV N and YFP-MFSV 2 targeted the same subnuclear locale as AtFib1-GFP, which is in the nucleolus (Fig. 8B) .
Finally, we determined whether coinfiltration of fluorescentprotein fusions of the MFSV N protein and the SYNV P protein allowed redirection of cytosolic SYNV P protein to the subnuclear locale, similar to coexpression of the SYNV N and P proteins. Coinfiltrated CFP-MFSV N and DsRed-SYNV P did not interact to target a subnuclear locale but looked very similar to DsRed-SYNV P infiltrated alone (Fig. 9) . Similar results were obtained when GFP-SYNV N was coinfiltrated with YFP-MFSV 2 (Fig. 9) . These data suggest that the interaction of N and P proteins leading to subnuclear targeting is virus specific.
DISCUSSION
We have mapped and sequenced the complete genome of the leafhopper-transmitted maize pathogen MFSV and showed that all seven genes included in its genome are expressed during infection of maize. Furthermore, in planta subcellular localization studies of fluorescent-protein fusions showed that the MFSV N, ORF4, and ORF5 proteins were targeted to the nuclei and that coinfiltrated MFSV N and ORF2 proteins interacted, resulting in targeting of both proteins to the nucleolus. We also showed that the nuclear targeting of coinfiltrated N and P proteins was virus specific and that the protein products of the two additional genes (3 and 4) of MFSV had different subcellular localizations than the SYNV sc4 protein.
Assignment of functions for the MFSV N (ORF1), G (ORF6), and L (ORF7) proteins could be made largely on the basis of sequence similarities to SYNV genes and proteins. However, nucleotide and deduced protein sequences of ORF2, ORF3, ORF4, and ORF5 showed few similarities to other rhabdovirus genes or sequences in GenBank. We used in planta subcellular localization of fluorescent-protein fusions, a useful technique in protein subcellular targeting studies and for elucidation of protein function (13, 15, 38) , to begin to define the functions of the MFSV ORFs.
The most likely gene order of the MFSV genome is 3Ј-N-P-
. Sequence analysis and in planta localization results suggest that ORF2 of MFSV encodes the P protein because (i) P is located adjacent to N in all rhabdoviruses sequenced so far, (ii) the predicted size of the ORF2 protein is similar to those of P proteins of other rhabdoviruses, and (iii) similar to the SYNV N and P proteins (13) , coinfiltration of the MFSV N protein with the MFSV ORF2 protein resulted in nucleolar localization of both proteins, whereas the MFSV N protein targeted the whole nucleus and the MFSV ORF2 protein spread throughout the cell when the proteins were infiltrated alone. For ORF5 of MFSV, sequence analysis and in planta localization results indicate that this ORF probably encodes the M protein because (i) the position of the NLS and (33) and (ii) the ORF5 protein of MFSV targeted the nucleus when expressed alone, similar to the SYNV M protein (13) . M protein sequences are not conserved among plant rhabdoviruses, whereas they are conserved among animal-or fish-infecting rhabdoviruses. The M proteins are likely prone to considerable adaptive evolution because these proteins play important roles in the suppression of host transcription (1, 24) and determine budding sites (16, 23) . The MFSV N-P protein complex appears to target a differ- ent subnuclear locale than the SYNV N-P protein complex. This suggests that there may be differences in the infection mechanisms for the two viruses. However, N. benthamiana is a host of SYNV, whereas we have not been able to infect N. benthamiana with MFSV by rub inoculation or insect transmission so far (J. C. Todd, S. A. Hogenhout, and M. G. Redinbaugh, unpublished results). More work is needed to determine whether the differential targeting is associated with the abilities of the two viruses to replicate in N. benthamiana. The hypothesis that the infection mechanisms of MFSV and SYNV in plant cells are different is supported by the observation that the subcellular distributions of ORF3 and ORF4 proteins of MFSV were different from the subcellular distribution of the SYNV sc4 protein. The SYNV sc4 protein is a membrane-associated protein, although it does not have a transmembrane domain or an NLS (36) . The SYNV sc4 protein has been predicted to be a member of the 30K superfamily of plant virus movement proteins, related to the 30-kDa Tobacco mosaic virus (TMV) movement protein (31) . All of the sequenced plant rhabdovirus genomes encode a protein of unknown function similar in mass to the 36.7-kDa sc4 protein between the P and M genes, except for NCMV, which has four small proteins with unknown functions. This unique protein includes the MFSV ORF4 protein, the RYSV 3 protein (4), and the LNYV 4b protein (GenBank accession no. AF209034). Although one is tempted to speculate that, based on similar genome locations and sizes, these additional genes have similar functions, our results show that this may not be the case, because the SYNV sc4 protein is cytosolic (13) while the MFSV ORF4 protein is nuclear.
The interaction of the N and P proteins is specific for MFSV and SYNV; that is, coexpression of the MFSV N protein did not redirect the SYNV P protein to the nucleus, and coexpression of the SYNV N protein did not redirect the MFSV P protein to the nucleus. This is not surprising, given the lack of conservation among plant rhabdovirus P proteins. The P protein acts as a transcription factor and aids in N protein encapsidation of RNA for rhabdoviruses (14) . It remains to be investigated whether the interactions between N and P proteins are specific for other rhabdoviruses as well.
The organization of the MFSV genome is distinct from those of other rhabdoviruses described so far because MFSV has two additional genes between the P and M genes compared to other nucleorhabdoviruses (Table 2 ). However, the cytorhabdovirus NCMV has four genes between the P and M genes (39) , and the nucleorhabdovirus RYSV has two additional genes, with one located between the P and M genes and one between the G and L genes (29) ( Table 2 ). Thus, the locations and numbers of genes, in addition to the basic gene order (3Ј-N-P-M-G-L-5Ј) (40) , vary extensively among insect-transmitted plant rhabdoviruses. All seven ORFs of MFSV were transcribed during the infection of maize, and gene junctions flanked all ORFs. Gene junctions are conserved among plant and animal rhabdoviruses and are important for transcription termination and reinitiation of the rhabdovirus polymerase complex (35) .
The MFSV gene junctions suggest that the MFSV genes use UUG as a consensus transcription start site. The RLM-RACE data for the MFSV G and L genes confirmed this transcription start site. However, a nonviral nucleotide was present at the 5Ј ends of MFSV mRNAs. Heterogeneous nucleotides were found at the 5Ј ends of viral mRNAs for RYSV and LNYV (29, 42) and were thought to be derived from host cellular RNAs (25) . The 3-nucleotide transcription start sites of animal rhabdoviruses and nucleorhabdoviruses are identical, but those of cytorhabdoviruses are clearly different (CUU/A rather than UUG). It is not known whether there is a biological significance in transcription initiation associated with the sequence difference in cytorhabdoviruses.
With the accumulation of completed genome sequences of rhabdoviruses, it is now becoming clear that plant rhabdoviruses are diverse. In this study, we showed for the first time that rhabdoviruses are diverse not only in genome sequence, but also in the subcellular localization of proteins, and hence in the interaction with host factors. It is therefore not surprising that rhabdovirus proteins specifically interact with each other and not with orthologous proteins of another rhabdovirus, as shown here for the N and P proteins of MFSV and SYNV. This information will help to determine factors essential to the host and vector specificities of rhabdoviruses. 
